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In£ux of Calcium and Chloride Ions into Epidermal Keratino-
cytes Regulates Exocytosis of Epidermal Lamellar Bodies and
Skin Permeability Barrier Homeostasis
Mitsuhiro Denda, Shigeyoshi Fuziwara, and Kaori Inoue
Shiseido Research Center, Fukuura, Kanazawa-ku,Yokohama, Japan
In the nervous system, in£ux of calcium and chloride
ions into neurons regulates the signaling system by ex-
citation and inhibition, respectively. In this study, we
demonstrated the e¡ects of the ion in£ux into epider-
mal keratinocytes in the permeability barrier repair
process of the skin after damage. Topical application of
the neurotransmitters glutamate and nicotine, which
activate the calcium channel in neurons, delayed the
barrier repair after tape stripping. In contrast, the neu-
rotransmitters GABA and glycine, which activate the
chloride channel in neurons, accelerated barrier repair.
Topical application of the calcium ionophore ionomy-
cin delayed barrier recovery and chloride ionophore 1
accelerated barrier repair after barrier disruption by
tape stripping and acetone treatment. Ionomycin in-
creased the intracellular calcium concentration in cul-
tured keratinocytes whereas the chloride ionophore 1
increased the intracellular chloride ion concentration.
In vivo light microscopy and electron microscopy obser-
vation showed acceleration of the exocytosis of lipid-
containing lamellar bodies by the chloride ionophore
and delay of the exocytosis by the calcium ionophore.
These results suggest that, like the nervous system, in-
£ux of calcium and chloride ions into epidermal kerati-
nocytes through ionotropic receptors plays a crucial
role in cutaneous barrier homeostasis. Key words: stratum
corneum/neurotransmitter/iontropic receptor. J Invest Derma-
tol 121:362 ^367, 2003
T
he in£ux of both calcium and chloride ions through
ionotropic receptors is important in the signal-
ing process in the nervous system. For example,
the NMDA-type glutamate receptor or nicotinic
cholinergic receptor plays a crucial role for excitation
of the nervous system as a Ca2þ permeable channel, whereas the
GABA(A) receptor or glycine receptor plays an important role
for inhibition as a chloride channel (Shepherd, 1994).
The most important role of the skin for terrestrial animals is to
protect water-rich internal organs from a dry environment. The
permeability barrier function of the skin resides in the uppermost
thin layer, the stratum corneum, and whenever it is damaged a
series of homeostatic processes is accelerated and the function re-
covers to the original level (Elias and Feingold, 2001). One of the
earliest and crucial stages of the barrier repair is the exocytosis of
lipid-containing granules, called lamellar bodies. The lipids se-
creted into the intercellular domain of the stratum corneum form
a water-impermeable membrane within 1 h after damage of the
barrier function (Elias and Feingold, 2001).
Previous studies suggested that lamellar body secretion and the
barrier recovery process are de¢nitely in£uenced by calcium gra-
dation in the epidermis. Exposure of skin to calcium-containing
solutions delayed the exocytosis of the lamellar bodies and barrier
repair (Lee et al, 1992; Menon et al, 1994). Moreover, we recently
demonstrated that both purinergic P2X receptor and GABA(A) re-
ceptor are associated with skin barrier homeostasis (Denda et al,
2002a; 2002b). The former is an ATP-gated calcium channel and
the latter is a GABA-gated chloride channel. Previous reports also
suggested the existence of other ionotropic receptors, such as gluta-
mate receptor (Genever et al, 1999) or cholinergic receptor (Grando
et al, 1996), which were originally found in the nervous system.
From these ¢ndings, we hypothesized that the in£ux of cal-
cium and chloride ions into epidermal keratinocytes also plays
an important role in cutaneous barrier homeostasis. In this study,
we demonstrated the e¡ect of ion in£ux induced by calcium and
chloride ionophores in the exocytosis of lamellar bodies and skin
barrier function.
MATERIALS ANDMETHODS
Animals All experiments were performed on 7- to 10-wk-old male
hairless mice (HR-1, Hoshino, Japan). The measurement of skin barrier
function, disruption of the barrier, and application of the test sample
were carried out under anesthesia. All experiments were approved by
the Animal Research Committee of the Shiseido Research Center in
accordance with the National Research Council Guide (National
Research Council, 1996).
Reagents L-glutamic acid, nicotine, GABA, ionomycin, and glycine
were purchased fromWAKO (Osaka, Japan). MK-801 and pancuronium
were purchased from Tocris Cookson (Bristol, UK). Bicucullin metho-
bromide and strychinine were purchased from ICN Pharma-
ceuticals (Aurora, OH). Chloride ionophore 1 was purchased from Fluka
Chemie (Bucks, Switzerland). Kitamura et al (1989) demonstrated that
a depolarization of smooth muscle cell was induced by ionomycin.
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Human neonatal keratinocytes were purchased from BioWhittaker
(Walkersville, MD).
Cutaneous barrier function Permeability barrier function was
evaluated by measurement of transepidermal water loss (TEWL) with an
electric moisture analyzer (Meeco, Warrington, PA), as described
previously (Denda et al, 1998). For barrier recovery experiments, skin on
both £anks were treated by repeated tape stripping until the TEWL
reached 710 mg per cm2 per h, as described previously (Denda et al,
1998). Immediately after barrier disruption, 100 mL of an aqueous solution
containing each reagent or water alone (control) was applied to the treated
area (2 3 cm2). We applied a di¡erent reagent on each £ank. The areas
were covered with plastic membrane for 15 min and then uncovered. Two
points were measured per £ank and four mice were used to evaluate the
e¡ects of each treatment. TEWL was then measured at the same sites at 1,
3, and 6 h after barrier disruption.The barrier disruption was done between
7:00 am and 8:00 am and then the evaluation of the barrier recovery rate
was carried out to avoid the e¡ect of circadian rhythm (Denda and
Tsuchiya, 2000). The barrier recovery results are expressed as percentage of
recovery, because of variations from day to day in the extent of barrier
disruption. In each animal, the percentage of recovery was calculated by
the following formula: [(TEWL immediately after barrier disruption 
TEWL at indicated time point) / (TEWL immediately after barrier
disruption  baseline TEWL)] 100%.
Calcium dynamics in keratinocyte culture system Changes in
[Ca2þ ]i in a single cell were measured using fura-2 as described by
Grynkiewicz et al (1985) with minor modi¢cations (Koizumi and Inoue,
1997). All in vitro cell culture measurements were carried out using the
second passage of human neonatal keratinocytes. First, we incubated cells
in a low calcium medium (0.1 mM calcium, De¢ned Keratinocyte SFM,
Gibco BKL, Grand Island, NY) for at least 5 d and used the cells within
10 d. These keratinocytes showed 80%100% con£uency. We calibrated
the calcium concentration without cells and found that the parameter was
the absolute value of calcium. The culture medium was replaced with
bu¡ered saline solution containing 150 mM NaCl, 10 mM glucose, 25
mM HEPES, 5 mM KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, and 1.8
mM CaCl2, adjusted to pH 7.4 with NaOH. Then, after adding fura-2
acetoxymethylester (fura-2AM, Molecular Probes, Eugene, OR) to a ¢nal
concentration of 5 mM, cells were incubated for 45 min at room
temperature (2123 &C). The cells were washed in saline and then
incubated for a further 15 min to allow de-esteri¢cation of the loaded
fura-2AM. The coverslip was mounted on a £uorescence microscope
(IX70,TS Olympus,Tokyo, Japan) equipped with a 75 W xenon lamp and
band-pass ¢lters of 340 nm and 380 nm wavelengths. Measurements were
carried out at room temperature. Imaging data were recorded with a high-
sensitive silicon intensifer target camera (C4742, Hamamatsu Photonics,
Hamamatsu, Japan) using a Ca2þ analyzing system (AQUA/RATI01,
Hamamatsu Photonics).
Evaluation of intracellular chloride in cultured normal human
keratinocytes To increase cell membrane permeability, we reduced 6-
methoxy-N-ethylquinolium iodide (MEQ) to 6-methoxy-N-ethyl-1,2-
dihydroquinoline (dihydro-MEQ) as described previously (Biwersi and
Figure1. Agonists and antagonists of ionotropic receptors a¡ected the skin barrier recovery rate after tape stripping. Topical application of
glutamic acid and nicotine delayed the barrier recovery (A, B). Antagonist of the glutamate-gated calcium channel, MK-801, blocked the delay by glutamic
acid (A) and antagonist of nicotinic cholinergic receptor, pancuronium, blocked the delay by nicotine (B). These results suggest that calcium in£ux in
keratinocytes through ionotropic receptors delays the barrier repair. In contrast, topical application of GABA accelerated the barrier recovery and GABA-
gated chloride channel (GABA(A) receptor) antagonist, bicucullin methobromide, blocked the e¡ect of GABA (C). Glycine also accelerated the barrier
recovery and an antagonist of glycine receptor (glycine-gated chloride channel), strychinine, blocked the acceleration by glycine (D). These results suggest
that chloride ion £ux accelerated the skin barrier recovery. One millimole of solution of each reagent was applied on one side of the £ank skin and two
points were measured per £ank. Four animals were used per treatment.
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Verkman, 1991). Brie£y, sodium bromohydrate (12% aqueous solution) was
added to an MEQ aqueous solution (16 mM) under nitrogen and left
standing for 30 min. Dihydro-MEQ was extracted with diethyl ether and
dried with anhydrous MgSO4. Then the solvent was evaporated under
nitrogen. The culture medium was replaced with bu¡ered saline solution
containing 150 mM NaCl, 10 mM glucose, 25 mM HEPES, 5 mM KCl,
1.2 mM NaH2PO4, 1.2 mM MgCl2, and 1.8 mM CaCl2, adjusted to pH 7.4
with NaOH.Then, dihydro-MEQ was added at a ¢nal concentration of 50
mM on the cells and incubated for 15 min at room temperature (2123
&C). After washing with saline the cells were incubated for a further 30
min to allow oxidation of the loaded dihydro-MEQ. The coverslip was
mounted on a £uorescence microscope (IX70, TS Olympus) equipped
with a 75 W xenon lamp and band-pass ¢lters of 340 nm. Measurements
were carried out at room temperature. Imaging data were recorded with a
high-sensitive silicon intensifer target camera (C4742, Hamamatsu
Photonics) using a £uorescence analyzing system (AQUA/RATI01,
Hamamatsu Photonics). Fluorescence intensity is inversely related to the
intracellular chloride ion concentration because the £uorescence of MEQ
is quenched collisionally by chloride ions (Biwersi and Verkman, 1991).
Light and electron microscopy For the series of histologic studies, we
used animals di¡erent from those used in the barrier kinetics experiment.
One hour after the acetone treatment, mice were euthanized and skin
samples were isolated. Skin samples for £uorescence microscopy were
embedded in OCTcompound and sectioned and 4 mM Nile Red (100 mg
per ml, 75% glycerol) was applied. Sections were examined with a
microscope (Vanox AHBT3, Olympus) equipped for epi£uorescence at an
excitation of 470490 nm and emission of 520 nm (Denda et al, 1998). For
the observations, at least ¢ve sections were observed to ¢nd common
features.
The full thickness of skin samples for electron microscopy was minced
into pieces (o0.5 mm3) and ¢xed in modi¢ed Karnovsky’s ¢xative
overnight. They were then post-¢xed in 2% aqueous osmium tetroxide
or 0.2% ruthenium tetroxide as described previously (Denda et al, 1998).
After ¢xation, all samples were dehydrated in graded ethanol solutions
and embedded in an Epon-epoxy mixture. Thin sections were stained
with lead citrate and uranyl acetate and viewed by electron microscopy
(Denda et al, 1998). The area of stratum corneumstratum granulosum
lipid domain and the number of free lamellar bodies were quanti¢ed
from osmium post-¢xed material. Measurements were made without
knowledge of the prior experimental treatment. These parameters were
evaluated from photographs of randomly selected sections at a constant
magni¢cation, using computer software (NIH Image).
Statistics The results are expressed as the mean7SD. Statistical
di¡erences between two groups were determined by a two-tailed
Student’s t test. In the case of more than two groups, di¡erences were
determined byANOVA test (Fisher’s protected least signi¢cant di¡erence).
RESULTS
To evaluate the e¡ects of the topical application of neurotransmit-
ters in the skin barrier recovery rate after tape stripping, we ap-
plied 1 mM of an aqueous solution of each reagent. Transmitters
for excitation, glutamate and nicotine, delayed the barrier recov-
ery. Antagonists of the ionotropic receptor of glutamate and ni-
cotinic receptor, MK-801 and pancuronium respectively, blocked
the delay (Fig 1A, B). MK-801 is a speci¢c antagonist of NMDA
receptor, which is a glutamate-gated calcium channel. The nico-
tinic cholinergic receptor is also a cation channel. Transmitters for
inhibition, GABA and glycine, accelerated the barrier recovery.
An antagonist of the ionotropic GABA receptor, bicucullin
methobromide, and an antagonist of glycine receptor, strychi-
nine, blocked the acceleration. Bicucullin methobromide is a spe-
ci¢c antagonist of GABA(A) receptor, which is a GABA-gated
chloride channel. The glycine receptor is also a chloride channel.
These results suggest that ionotropic receptors for excitation and
inhibition are involved in the skin barrier recovery process.
We next demonstrated the e¡ects of calcium and chloride io-
nophore after tape stripping and acetone treatment (Fig 2A, after
tape stripping; Fig 2B, after acetone treatment). Topical applica-
tion of calcium ionophore, ionomycin (1 mM), delayed the barrier
repair after both tape stripping and acetone treatment, whereas
chloride ionophore 1 (1 mM) accelerated the barrier repair. Figure
Figure 2.Topical application of calcium ionophore (ionomycin) de-
layed the barrier recovery after tape stripping (A) and acetone
treatment (B), whereas the application of chloride ionophore
(chloride ionophore 1) accelerated the barrier repair after tape strip-
ping (A) and acetone treatment (B). One micromole of solution of
each reagent was applied on one £ank skin and two points per £ank using
four animals per treatment.
Figure 3. Application of 1 lM of chloride ionophore increased the
intracellular chloride concentration of the cultured human kerati-
nocytes (A, vertical axis shows reciprocal of intensity at 340 nm)
and application of 1 lM of calcium ionophore increased the intra-
cellular calcium concentration (B, vertical axis shows the ratio of
intensity at 340 nm to 380 nm). Quanti¢cations were carried out before
and 150 s after the end of each application. Sixty keratinocytes were mea-
sured for each treatment. Representative pro¢les of chloride measurement
and calcium measurement are shown in (C) and (D) respectively.
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3(A), (B) shows the quanti¢cation of intracellular calcium and
chloride ion concentrations in the cultured human keratinocytes
after the application of ionomycin and chloride ionophore 1 (1
mM each). Ionomycin induced the increase of intracellular cal-
cium ion and chloride ionophore 1 induced the increase of intra-
cellular chloride ion. Representative pro¢les of both observations
are shown in Fig 3(C) and (D) respectively. Application of chlor-
ide ionophore 1 induced a temporal decline of chloride ion con-
centration (between 100 and 150 s in Fig 3C) and then the
chloride ion concentration started to increase. We observed 30
cells for the quanti¢cation and most of them showed a gradual
but continuous increase. Chloride ionophore 1 has a metallopor-
phyrin structure (Kondo et al, 1989) and a speci¢c interaction be-
tween the molecule and cell membrane might induce a complex
behavior of the intracellular chloride ion concentration. Applica-
tion of ionomycin obviously increased the intracellular calcium
concentration (Fig 3D). These results suggest that the in£ux of
calcium and chloride ions plays an important role in skin barrier
homeostasis.
In untreated normal skin, the neutral lipids were localized in
the stratum corneum (Fig 4A, arrow, yellowish color). Figure
4(E) shows an image of 4(A) merged with the Nomarski image.
One hour after acetone treatment, obvious recovery of the neutral
lipid was not observed (Fig 4B; Fig 4F shows the image of 4B
merged with the Nomarski image). Nile Red staining 1 h after 1
mM chloride ionophore 1 treatment showed a recovery of inter-
cellular lipids in the upper epidermis (Fig 4C, yellowish layers,
arrowheads; Fig 4G shows the image of 4C merged with the No-
marski image), whereas no localization of neutral lipids was ob-
served in the skin treated with 1 mM ionomycin (Fig 4D; image
of Fig 4D merged with the Nomarski image is shown in 4H).
An electron micrograph is shown in Fig 5. One hour after
acetone treatment, exocytosis of lamellar bodies was observed at
the stratum corneumstratum granulosum interface (Fig 5A, ar-
rows). A thick intercellular lipid domain was observed at the stra-
tum corneumstratum granulosum interface of skin treated with
1 mM chloride ionophore 1 (Fig 5B, arrowheads). In contrast, the
stratum corneumstratum granulosum lipid domain was rela-
tively thin and many unsecreted lamellar bodies were observed
in the skin treated with 1 mM ionomycin (Fig 5C, arrows show
stratum corneumstratum granulosum interface, arrowheads show
lamellar bodies). Ruthenium staining showed a lipid bilayer
structure at the stratum corneumstratum granulosum interface
of the skin treated with chloride ionophore (Fig 5D, asterisks),
whereas no lamellar structure was observed in the skin treated
with ionomycin (Fig 5E, arrows). The results of quanti¢cation of
the stratum corneumstratum granulosum intercellular lipid do-
main are shown in Fig 5(F). The area of the stratum
Figure 4.The results of Nile Red staining 1 h after the acetone treatment and following the application of ionophore are shown. One hundred
microliters of 1 mM of each ionophore were applied immediately after acetone treatment. As a control, 100 ml of water was applied. To con¢rm the repro-
ducibility, three animals were used for each treatment. (A) Untreated skin. Nuclear lipids are accumulated in the stratum corneum (arrows, yellowish color).
(E) An image of (A) merged with the Nomarski image. By the acetone treatment, the lipids in the stratum corneum were completely removed without
recovery even 1 h after the treatment together with application of water (B). (F) An image of (B) merged with the Nomarski image. Topical application of
chloride ionophore accelerated the recovery of the nuclear lipids in the upper epidermis (C, arrowheads, yellowish layers). An image of (C) merged with the
Nomarski image is shown in (G). In contrast, obvious repair of lipids was not observed in the skin treated with calcium ionophore (D; merged image with
the Nomarski image is shown in (H)). Bars: 10 mm.
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corneumstratum granulosum was signi¢cantly thicker in the
skin treated with chloride ionophore 1 than for water-treated
control and ionomycin-treated skin.
These morphologic studies suggest that chloride ion in£ux ac-
celerates lamellar body exocytosis and consequently skin barrier
recovery, whereas calcium in£ux perturbs both of them.
DISCUSSION
Epidermifs is an interface between the body and the environ-
ment.When it is damaged it is automatically repaired, and under
low environmental humidity the barrier is enhanced to adapt to
the dry conditions (Denda et al, 1998). This smart system is oper-
ated by ion dynamics as has been suggested previously and in this
study.
Grando et al (1996) demonstrated the function of nicotinic cho-
linergic receptors in keratinocytes. The existence of a GABA re-
ceptor was suggested previously (Stoebner et al, 1999; Denda et al,
2002b). Genever et al (1999) reported a glutamate-mediated sig-
naling pathway in keratinocytes. We recently demonstrated the
expression of NMDA receptor protein throughout the epidermis
(Fuziwara et al, 2003). No report suggests the existence of glycine
receptor in epidermal keratinocytes, but Bondy et al (1982) sug-
gested the existence of strychinine-binding sites in retinal pig-
ment epithelium and we observed immunoreactivity against the
anti-glycine receptor subunit on epidermal keratinocytes (data
not shown). These receptors, which were originally found in the
nervous system, might also play a crucial role in epidermal home-
ostasis.
Previous studies suggest that an increase of calcium in the epi-
dermis perturbs the exocytosis of lamellar bodies and delays skin
barrier repair (Lee et al, 1994; Menon et al, 1994). Because the delay
was blocked by a calcium channel blocker, the intracellular cal-
cium might also relate to barrier function (Lee et al, 1994). Phase
transition and fusion of intracellular granular membrane and cell
membrane is a crucial stage of the exocytosis and ions such as
calcium or magnesium in£uence the exocytosis of the lamellar
bodies (Denda et al, 1999; Denda and Kumazawa, 2002). In
healthy epidermis, a high concentration of calcium is observed
in the uppermost epidermis and this gradation disappears imme-
diately after barrier disruption by tape stripping or treatment
with organic solvent (Mauro et al, 1998; Denda et al, 2000). This
drastic alteration of calcium gradation might be a crucial signal
for the barrier repair process.
We recently observed an approximately 100% increase of ATP
secretion from skin in organ culture immediately after barrier
disruption (Denda et al, 2002a). The secreted ATP might activate
a calcium channel, P2X, and induce the in£ux of calcium ions
into keratinocytes. Damage of the skin barrier might induce de-
Figure 5. Electron microscopy revealed the in£uence of ionophore on the lamellar body secretion into the stratum corneumstratum gran-
ulosum interface.Treatments were the same as those in the experiments shown in Fig 4. (A), (B), and (C) were stained with osmium, and (D), (E) were
stained with ruthenium. One hour after the acetone treatment, exocytosis of several lamellar bodies was observed in the stratum corneumstratum gran-
ulosum interface (A, arrows). A thick intercellular lipid domain was observed in the skin treated with chloride ionophores (B, arrowheads). In contrast, the
stratum corneumstratum granulosum area was relatively thin in the skin treated with calcium ionophore (C, arrows show the stratum corneumstratum
granulosum interface and arrowheads show unsecreted lamellar bodies). (D) The ruthenium-stained section of the skin treated with chloride ionophore.
Asterisks show the intercellular lipid domain. A thick lipid bilayer structure was observed. In contrast, no lipids were observed in some areas of the stratum
corneumstratum granulosum interface of the skin treated with calcium ionophore (E, arrows). The results of quanti¢cation are shown in (F). Fourteen
sections from three di¡erent animals were used for each quanti¢cation. Bars: (A), (B), (C) 2 m; (D), (E) 200 nm.
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polarization of the keratinocyte cell membrane by autocrine sig-
naling with ATP or other transmitters.We also demonstrated the
existence and function of GABA(A)-like receptor in epidermal
keratinocytes (Denda et al, 2002b). Repolarization of the cell
membrane by Cl £ux through the GABA(A)-like receptor or
glycine receptor might block the outward movement of the cell
membrane and accelerate the fusion of the lamellar body and cell
membrane. It might consequently accelerate exocytosis of lamel-
lar bodies and the cutaneous barrier repair process. Synaptic exo-
cytosis is also associated with the calcium dynamics, but it is
accelerated by calcium in£ux (Shepherd, 1994). The mechanism
of lamellar body exocytosis seems to be di¡erent from that of sy-
naptic exocytosis. The exocytotic system of parathyroid cells is
similar to lamellar body exocytosis, i.e., low extracelluar Ca2þ
stimulates and high Ca2þ inhibits the parathyroid hormone re-
lease (Shoback et al, 1984). An electrophysiologic study is needed
for better understanding of the keratinocyte system.
As described above, a speci¢c gradation of ions is observed in
normal epidermis but it disappeared immediately after barrier
disruption (Mauro et al, 1998; Denda et al, 2000). An abnormal
ion pro¢le has been reported in aging, atopic dermatitis, and
psoriasis (Forslind et al, 1999). Our previous study suggested that
ion pumps and ion channels play a crucial role to maintain the
ion gradation (Denda et al, 2001). Mutation of the calcium pump
of the keratinocyte is a cause of Darier diseases (Sakuntabhai et al,
1999) or HaileyHailey disease (Hu et al, 2000). Karvonen et al
(2000) demonstrated that psoriatic keratinocytes have an inborn
error in calcium signaling. The ion dynamics in the epidermis
might play a crucial role in the self-organization of the keratino-
cytes and skin barrier homeostasis.
Even though the barrier function has an ability for self-repla-
cement, when the damage is repeated or happens under low en-
vironmental humidity it will obviously cause epidermal
hyperplasia or in£ammation (Denda et al, 1996; 1998). Moreover,
a variety of dermatoses, such as atopic dermatitis, psoriasis, and
contact dermatitis, are characterized by barrier dysfunction
(Grice, 1980). These skin problems may be solved by normalizing
the skin barrier homeostasis by regulating keratinocyte ion £ux.
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